Each additional ml/kg/day of HM during days 1-14 decreased non-NEC-related NICU costs by USD 534 (p < 0.001).
Introduction
Very low birth weight (VLBW, <1,500 g) infants are susceptible to inflammation-based morbidities during neonatal intensive care unit (NICU) hospitalization that can lead to lifelong disability and high societal costs [1, 2] . Necrotizing enterocolitis (NEC) is an inflammation-based morbidity [3] that affects 5-7% of VLBW infants [4, 5] , increasing the direct cost of the initial NICU hospitalization [4] and predisposing surviving infants to long-term complications [1, 6] and poor neurodevelopmental outcomes [7] . Preventive strategies that reduce the prevalence of NEC during the NICU hospitalization are both a clinical and an economic priority for society.
Several studies of VLBW infants have demonstrated a dose-response relationship between high doses of human milk (HM; milk from the infant's own mother, excludes donor HM) received during NICU hospitalization and a reduction in the risk of NEC [8] [9] [10] . It remains unknown whether there is a specific amount of HM that must be received, whether bovine-based formulas should be avoided, or whether there is a critical postbirth period during which these interventions might be most important. No previous study has examined the dose and exposure period of HM feedings as a strategy to reduce the risk of NEC and its associated costs during the initial NICU hospitalization.
The purpose of this study was to examine the cost of NEC as a function of the dose and exposure period of HM feedings received by VLBW infants during NICU hospitalization and determine whether differences in costs for infants with and without NEC are due to longer lengths of hospital stay, more intensive use of hospital services, or both length of stay and service use.
Methods
This was an NIH-funded prospective cohort study of 291 VLBW infants cared for in the Rush University Medical Center (RUMC) NICU between February 2008 and June 2012 ( fig. 1 ). The detailed inclusion/exclusion criteria for the study have been previously reported [11] and are summarized here. Inclusion criteria were birth weight (BW) <1,500 g, gestational age (GA) <35 weeks, enteral feedings initiated by day of life 14, absence of major congenital anomalies or chromosomal disorders, and negative maternal drug screen. Infants were excluded from this analysis if they expired prior to NICU discharge or if they were transferred to a referral hospital prior to NICU discharge, as we did not have access to complete cost data for the NICU hospitalization. Although 98% of the enrolled infants received some HM from the mother, maternal initiation of lactation was not an inclusion criterion. The study was approved by the RUMC Institutional Review Board, and informed consent was obtained from the parent or legal guardian.
NEC was defined according to modified Bell's criteria ≥ 2 [12] , with infants meeting both clinical (abdominal distension, feeding intolerance, bloody stool, abdominal tenderness, or bilious residuals) and radiographic (pneumatosis intestinalis, portal venous gas, or pneumoperitoneum) criteria for NEC. Cases of spontaneous intestinal perforation, defined as isolated bowel perforation within 273 the first-week postbirth period with no pneumatosis intestinalis or portal venous gas [13] , were not included in the NEC cases. Surgically managed NEC cases were defined as infants who received a peritoneal drain or underwent exploratory laparotomy for treatment of NEC. All other cases of NEC were considered medically managed. Direct and indirect costs for the NICU hospitalization were collected from RUMC's system-wide cost accounting system using previously published procedures [4, 11] . Costs were adjusted to 2012 USD using the Bureau of Labor Statistics Consumer Price Index for all items [14] .
Dose and exposure period of HM feedings were calculated using techniques described in our previous studies [11, 15] . Dose of HM was calculated as both a weight-adjusted dose (ml/kg/day) and percentage of enteral feedings equal to HM. The average dose of HM, in ml/kg/day (HM-DD) and as a percentage of total enteral feedings (HM-PCT), was calculated for days 1-14 [15] . The day 1-14 exposure period was selected based on the critical transition from intrauterine to extrauterine nutrition and to avoid reverse causality in infants who developed NEC. Feedings were initiated with unfortified HM or preterm formula (20 calories/ounce). All infants received HM from their own mothers. HM feedings were fortified according to a standardized protocol [11] . Formula feedings were used only when adequate volumes of HM were unavailable for feedings. Three additional feeding variables were included: a binary variable indicating whether the infant had received any formula in days 1-14, a binary variable indicating whether the infant had received any bovine human milk fortifier (HMF) in days 1-14, and a continuous variable for the number of days to full feeding (number of days from first feeding to the first day an infant received ≥ 120 ml/kg/day of enteral nutrition and no intravenous fluids).
Infant and maternal factors included as covariates were infant BW (g), GA (completed weeks), gender, days of initial antibiotic use (none, 1-4 days, ≥ 5 days) [16] , small for gestational age (defined as BW below the 10th percentile according to Olsen et al. [17] ), and maternal race (Black/African-American, Hispanic, White, or other race). An additional covariate accounted for two quality improvement (QI) initiatives targeted at decreasing the incidence of NEC (enteral feeding protocol and nasogastric tube maintenance guidelines) during the study period. The QI phases were categorized as baseline ( [18] .
Statistical Analysis
Two independent-samples t tests, one-way analysis of variance, and χ 2 tests were conducted to compare the characteristics of infants with and without NEC. Direct costs were compared using two independent-samples t tests. A binary logistic regression model was fit, and the predicted values from the model were used to create a propensity score as a composite score for the risk of NEC [11, 19] . The model included demographic variables (race, gender, BW, small for GA), QI intervention phase, days to full feeding, any formula in days 1-14, and any HMF in days 1-14. An interaction term between BW and days to full feeding was included to account for a potential nonlinear relationship between these two variables in predicting the risk of NEC.
A generalized linear regression model was estimated with a log link function and gamma distribution for NICU hospitalization cost with BW, race, gender, HM-DD in days 1-14, NEC, and NEC propensity score. The mean-variance relationship was selected using a modified Park test [20] . We computed the marginal economic effect of each variable based on the mean predicted cost of NICU hospitalization [21] . Statistical analyses were conducted in SAS Version 9.2 (Cary, N.C., USA). Statistical significance was set at p < 0.05.
Results
Of the 291 infants in the analysis, 29 (10.0%) developed NEC at a median postnatal age of 24 days. There were no differences in HM-DD, proportion of infants exposed to formula, or proportion of infants exposed to bovine HMF in days 1-14 ( table 1 ) .
The mean total NICU hospitalization cost was USD 180,163 ± 100,824 for infants with NEC and USD 134,494 ± 72,604 for infants without NEC (p = 0.024; table 2 ). Infants with NEC had longer lengths of stay (p = 0.022) and higher NICU hospital costs per day (p < In the regression analysis for the risk of NEC, infants receiving any formula feedings during days 1-14 had 3.5 times greater risk of developing NEC (p = 0.020) ( table 3 ) . While days to achieve full feedings increased the risk of NEC, the interaction between BW and days to full feedings was also associated with an increased risk of NEC, indicating that larger infants with delayed achievement of full feedings were at an even greater risk of NEC than were smaller infants.
After controlling for other variables, NEC was associated with USD 43,818 additional costs for the NICU hospitalization (p < 0.001; table 4 ). After controlling for NEC, each additional ml/kg/day of HM in days 1-14 was associated with a reduction of USD 534 in non-NEC-related NICU costs (p < 0.001). The propensity score for NEC For infants with NEC and days to full feed that exceeded day of onset of NEC, days to full feed set equal day of onset of NEC (n = 5) less (DOL of full feed -days to full feed). Model controls for race/ethnicity, gender, and QI phase. DOL = Day of life. was not associated with costs, suggesting the model had no undetected heterogeneity related to the risk factors for NEC that might be associated with costs.
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Discussion
To our knowledge, this is the first prospective study to evaluate the impact of formula and HM intake during days 1-14 on the risk of NEC, NEC-related hospital costs, and non-NEC-related hospital costs in a cohort of VLBW infants. Exposure to any amount of formula during days 1-14 increased the risk of NEC more than threefold. NEC substantially increased the cost of care, accounting for an additional USD 43,818 per infant in NICU hospitalization costs. These costs were due not only to a longer NICU stay, but also to greater per diem resource use. This perinfant hospital cost translated into an additional USD 1.27 million for the cohort of 291 infants in our study. These cost data likely underestimate the societal burden of NEC because we did not measure the potential loss of productive years and our analyses excluded infants who expired (n = 3), including those due to NEC.
Our study adds to other human and animal research that suggests the transition from intrauterine to extrauterine nutrition, captured in the exposure period of days 1-14, is an especially vulnerable time for VLBW infants, with respect to the risk of NEC and perhaps other inflammation-based morbidities [10, 15, 22] . To our knowledge, ours is the first clinical study to demonstrate that early exposure to bovine-based infant formula -rather than a specific HM-DD or a threshold HM-PCT -increases the risk of NEC. Other human and animal studies have demonstrated that bovine-based formula significantly increases intestinal permeability, with the potential for translocation of pathogens and toxins through the open paracellular pathways in the epithelial lining of the gut to the underlying mucosa [23] , upregulates inflammatory and oxidative stress processes in the gut [24] , and is directly toxic to gut epithelial cells [25] . The fact that even small amounts of formula can increase the risk of NEC in a mostly HM-fed cohort is supported by numerous biologic mechanisms [25] .
Although our study did not find a statistical relationship between the risk of NEC and combined impact of HMF and formula for days 1-14, this relationship trended toward significance. Several factors unique to our clinical feeding protocol may have masked this combined effect and warrant further study. First, only 38 and 36% of infants with and without NEC, respectively, had received HMF by day 14 due to our feeding advancement protocol that extends fortifier-free colostrum feedings until infants approach full enteral feedings. Second, only 28 and 16% of infants with and without NEC received both HMF and formula during days 1-14, so these numbers may have been too small to detect a significant relationship. Third, the QI intervention implemented in December 2009 specifically delayed fortification until after the infant reached full volume feedings [18] . Thus, in controlling for the QI phase, we may have statistically controlled for the impact of fortifier.
While it is apparent that NEC is a costly morbidity, it is difficult to compare the magnitude of our findings with previous studies due to the differences in methodologies used to calculate hospital costs. Our study used microlevel cost data while Ganapathy et al. [26] estimated direct costs based on cost-to-charge ratios. Their study included infants with BW ≤ 1,250 g, and their analyses did not control for infant BW or GA, both of which are significant contributors to hospital costs. In our previous research, NEC was associated with an incremental cost of USD 15,440 (in 2010 USD) per infant, after controlling for sociodemographic characteristics and the presence of other morbidities [4] . However, the findings from this study did not control for the presence of other morbidities, so the cost of NEC may be higher due to the fact that infants with NEC are at an increased risk for other morbidities [4] . Bisquera et al. [27] compared hospital charges and length of hospital stay for infants with and without NEC born between 1992 and 1994. Since only hospital charges and not costs were reported, it is difficult to compare their economic data to ours or to those who reported cost-tocharge ratios.
After controlling for NEC, we found a significant independent effect between the dose of HM received during days 1-14 and NICU hospitalization cost, with each additional ml/kg/day of HM reducing hospital costs by USD 534. A single standard deviation increase in the HM-DD during days 1-14 was associated with USD 9,559 lower NICU hospitalization costs per infant, independent of the presence of NEC. Since our propensity score controlled for multiple risk factors for NEC, including BW, gender, and days to reach full enteral feedings, it is unlikely that these additional non-NEC cost savings are due to unaccounted confounding variables. We speculate that the independent impact of HM-DD in days 1-14 is due to a lower risk of other common prematurity-related morbidities, including late-onset sepsis [11] and chronic lung disease [28] , that were mitigated by high doses of HM during this early critical exposure period. Days 1-14 may be a critical period for VLBW infants when high doses of HM should be prioritized, both as a mechanism to reduce the risk of NEC and overall NICU hospital costs.
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